Introduction
At the European Stroke Conference in London this year, a special ESC-BRAIN Joint Symposium was held and presented by the same speakers both in London and Shanghai (2 weeks earlier) at the BRAIN 2013 Conference (alias the International Symposium on Cerebral Blood Flow, Metabolism and Function). The aim of this symposium, which was convened by M. Hennerici, U. Dirnagl and J.C. Baron, was to address the burning question of the blatant discrepancy between the positive effects of neuroprotectants in reducing infarct size and sometimes also improving functional outcome in animal models of stroke, and the failure of neuroprotection in man in randomized trials so far [1] . It was hoped that by convening experts from both the preclinical and clinical fields in the same symposium and presenting the same talks in front of more basic and clinically oriented audiences, a better dialogue between these communities would ensue, and perhaps explanations for these discrepancies would emerge.
Two specific issues were identified as both particularly controversial and potential sources of discrepancies, namely the duration of salvageable tissue in animals versus man, and the outcome measures used to assess the effects of interventions. The following four articles by the speakers of this symposium provide a brief but to-thepoint overview of the state of the art regarding these two issues in both the experimental and clinical domains. They highlight similarities but also some differences between the findings and approaches, and propose pragmatic ways to better connect and effectively bridge the gap so that future preclinical studies assessing interventions, gain from the scientific rigor of modern clinical trials. For example, inclusion of randomization, blinding, systematic follow-up or powered large samples [1] [2] [3] . Conversely, improvements could be made in the design of future clinical trials to reproduce the specific experimental conditions under which an agent has shown benefit in preclinical tests, e.g. in combination with or following reperfusion, in anterior circulation strokes [1, 4, 5] .
Bearing these major, frustrating discrepancies in mind, strong connections do exist between preclinical and clinical stroke, such as the ischemic penumbra and the benefit from intravenous tissue plasminogen activator treatment, which were first documented in animal models [6, 7] and subsequently proven in man, to name only two discoveries that have revolutionized stroke care.
It was clear from the positive way this symposium was received at both conferences that both communities are determined to, and actually already engaged in, the advancement and strengthening of this connection, which beyond any doubt will eventually effectively improve the outcome of stroke victims.
J.C. Baron, U. Dirnagl, M. Hennerici
Reviews and more recent meta-analyses of the experimental stroke literature highlight the numerous drugs which induce significant neuroprotection in rodent stroke models, none of which (with the exception of tissue plasminogen activator) have translated to man. Therefore, it is valid to pose the question that framed this year's Joint ESC and Brain 2013 Symposium: 'Experimental & Clinical Stroke Research -Do They Connect? ' In exploring this question, one issue to examine is the available time window for restorative reperfusion and neuroprotection in rodents and to determine how this compares with the equivalent time window for the acute stroke patient [see companion article by Baron, pp. 311 ]. Knowledge of the available time window will improve the design of studies testing new therapeutic interventions and the power to predict those likely to translate into clinical practice. However, in designing these studies it is equally important that the time point at which outcome measures are assessed is late enough for ischaemic damage to have fully evolved. Otherwise interventions which delay rather than stop the progression of ischaemic damage could be wrongly assessed as neuroprotective.
In this overview, I will first describe how stroke is modelled in rodents, then discuss appropriate time points for assessing outcome, and finally the available time window for reperfusion and neuroprotection in rodent stroke models. To do this, I have used information on the evolution of acute brain injury (diffusion-weighted MRI), penumbra (perfusion/diffusion mismatch in MRI) and infarct size (T2-weighted MRI and histology). Functional assessment of outcome (e.g. behavioural testing of sensorimotor deficits) is equally important in assessing new therapies for stroke and is covered in the companion article by Dir nagl, pp. 315.
Rodent Stroke Models
Stroke is studied in rodents by permanently or transiently occluding a cerebral artery which causes a severe reduction in cerebral blood flow in the affected brain tissue. The middle cerebral artery (MCA) is the most commonly affected blood vessel in human occlusive/ischaemic stroke and is the artery most frequently targeted in rodent stroke models. A range of MCA occlusion (MCAO) models has been developed and there are strengths and limitations associated with each approach (see Macrae [1] ). The earliest models exposed the MCA via a surgical craniectomy. With this approach, MCAO can be achieved: by electrocoagulation of the blood within it and destruction of the blood vessel per se; mechanically, by applying an occluding device such as a clip or ligature, or pharmacologically by applying a potent vasoconstrictor with a prolonged half-life such as endothelin-1 or a pro-coagulant causing a blood clot locally. MCAO models which do not require a large craniectomy include stereotaxic injection of endothelin-1 into parenchyma adjacent to the MCA, which results in a longer lasting vasoconstriction. Alternatively, the skull is left intact and an intravascular approach via the carotid artery is used to advance a filament or embolus to the point where it blocks the origin of the MCA ( fig. 1 ). With the exception of electrocoagulation, where the artery is permanently occluded, methods for MCAO can be adapted to induce either maintained (permanent) or transient occlusion.
An assessment of the available time window for tissue salvage can be made by determining the time from stroke onset to maximum ischaemic damage. The evolution of ischaemic damage has been investigated in histology studies where groups of animals are killed at different time points after MCAO, or in serial imaging studies where longitudinal data are collected from each animal to determine when the infarct reaches its maximum size. In general, acute ischaemic damage matures over a longer period following transient MCAO (tMCAO, days) compared to maintained MCAO (hours).
Evolving Ischaemic Damage: Histological Approach
Ischaemic tissue evolves over time to form the infarct, which can be identified by histology and is defined by neuropathologists as irreversible damage to all the cells within the affected parenchyma. Within the infarct, neurones show morphological features of irreversible damage (e.g. pyknosis and cytoplasmic eosinophilia on haematoxylin-and eosin-stained sections) and the neuropil is disrupted and vacuolated. Histology studies, using the permanent MCAO model in the rat and assessing ischaemic damage (corrected for brain swelling) at time points from 1 h to 7 days after MCAO, found ischaemic damage was maximal by 4 h and matures faster (maximal Multimodal MRI can provide serial information on the severity and location of ischaemia (perfusion imaging), acute ischaemic damage to the brain parenchyma (diffusion-weighted imaging, DWI), the cerebrovasculature (blood-brain barrier breakdown with contrast-enhanced T1) and eventual infarct (T2-weighted imaging) in each animal.
DWI, based on the brownian motion of water molecules, reveals acute ischaemic injury due to cytotoxic oedema caused by the net movement of water from the extracellular to the intracellular compartment. The restricted diffusion of water within cells results in an increased signal intensity. In the pre-clinical literature, diffusion data are often presented as an image map of the apparent diffusion coefficient (ADC), where low ADC values ( fig. 1 c) correspond to high signal intensity on DWI scans. However, these abnormalities may signify severe ischaemia rather than irreversible ischaemic damage as the tissue can permanently return to normal diffusion if promptly reperfused.
In the rat model of permanent MCAO, ADC-defined ischaemic injury increases in size within minutes of MCAO, reaching a plateau within 3-4 h ( fig. 1 c) , which is approximately equivalent to the infarct measured on T2 scans at 24 h or later ( fig. 1 d) . Thus, the MRI data are consistent with the histopathological data reviewed above that the time window for restorative reperfusion is up to 4 h in the rat. mismatch ( fig. 1 f) is used as a marker of penumbra, which remains viable for a limited time (hours) after MCAO due to supplementary blood flow from the anterior and posterior cerebral arteries via collateral vessels ( fig. 1 a, b) . Penumbral tissue is capable of recovery if promptly reperfused and in rodent embolic stroke models, tissue plasminogen activator restores flow and reduces infarct volume within a similar time frame to man [4] . In permanent MCAO models, the amount of hypoperfused tissue (perfusion deficit) remains relatively stable over the first 4-6 h, and penumbral tissue gradually becomes incorporated into the ADC-defined lesion and final infarct ( fig. 1 d, f) . 3 for WKY, p < 0.008, 30 min after MCAO [6] ) and spontaneously hypertensive, stroke-prone (34 vs. 43 mm 3 for WKY, p > 0.05, 1 h after MCAO [7] ) rat strains. The reported lifespan of mismatch tissue (4-6 h) is consistent across these rodent studies.
The Time Window for Neuroprotection after Recanalization: Evolving Ischaemic Damage in tMCAO Models
Most tMCAO studies in rodents generally employ the intraluminal filament model with durations of ischaemia of 60, 90 and 120 min [8] . Beyond 2-3 h of tMCAO, infarct volumes match or exceed those induced by maintained MCAO and mortality is high. The time course of evolving ischaemic damage and the available time window for neuroprotection appear longer than for models of maintained MCAO but are difficult to determine due to greater variability in published data, the difficulty in differentiating between lesion growth due to oedema versus irreversible damage, and the paucity of studies that measure infarct size beyond 24 h after MCAO. Necrosis is the main mechanism for cell death in maintained MCAO models, but with tMCAO there can be a significant component of delayed apoptotic cell death and selective neuronal necrosis (incomplete infarction) [9] , which relies on histological approaches rather than imaging for detection.
Both infarct and peri-infarct tissue becomes oedematous over the first 72 h, which means that the formulae used to correct for brain swelling provide an estimate rather than a precise correction for infarct size. In closed skull models (e.g. intraluminal filament) producing large MCA territory strokes, brain swelling results in significant mortality beyond the 24-hour time point. This may explain why many studies assess infarct at this time point. However, although some longitudinal studies report maximal infarct size at this time point (e.g. 90-min MCA and bilateral common carotid artery occlusion) others report further lesion growth beyond 24 h (e.g. from 48 h for 30-min tMCAO up to 8 days for 80-min tMCAO). The time for full infarct development may also increase as duration of MCAO decreases. For example, in the paper by Du et al. [10] , the infarct did not increase in volume beyond 24 h with 90-min MCAO plus common carotid artery occlusion, while with a 30-min occlusion the infarct did not become apparent until day 3 and increased further by day 14.
In models of tMCAO, the volume of damage increases up to at least 24-48 h and, possibly, beyond. This implies that the time window for neuroprotection after recanalization lies within this time window.

Effective Time Window for Neuroprotection following tMCAO
Drugs administered after stroke onset have been shown to reduce infarct size and improve behavioural outcome in models of maintained MCAO and tMCAO. The available time window for tissue salvage can be estimated from studies where drug treatment is started at different time points following tMCAO. With very short periods of focal ischaemia (e.g. 30 min), infarct volume can be significantly reduced within a time window of up to 6-9 h from stroke onset [11, 12] while with longer durations of ischaemia (90-120 min), significant neuroprotection has been reported within 4-6 h [13, 14] . Therefore, in rodent tMCAO models, significant neuroprotection and reduction in infarct size is feasible within a time window of up to 9 h from stroke onset, depending on the duration and severity of the preceding ischaemia.
In summary, in rodent models, the amount of penumbra available for salvage is influenced by the duration and severity of ischaemia, strain and the presence of comorbidities. Restorative reperfusion is possible within a timescale of 0-6 h, and neuroprotection after recanalization has been demonstrated up to 9 h. The time window for restorative reperfusion is not too dissimilar from available estimates in stroke patients and, with appropriately designed pre-clinical studies, rodent data should have translational value, and experimental and clinical stroke research should connect. However, at variance with the studies reviewed by Baron (see below) where individual patient data are considered, rodent studies so far have implemented group analyses only. Future rodent studies may address the issue of potential subgroups.
In acute stroke, the only proven target for therapy is the ischemic penumbra, i.e. the severely hypoperfused and nonfunctional but still viable tissue that can be rescued from infarction by early reperfusion. There are many additional, but as yet only putative, targets such as the neurovascular unit for prevention of hemorrhagic transformation and blood-brain barrier leakage, but also vasogenic edema, reperfusion injury, the no-reflow phenomenon and neuroinflammation. Nonacute targets are beyond the scope of this article.
Given the above, we will first address two distinct questions: (i) For how long after acute ischemic stroke in man is penumbral tissue present? (ii) What is the time window for reperfusion therapy? In the following. it is shown why these two questions are distinct although obviously related. The issue of neuroprotection is briefly addressed at the end of this overview.
For How Long after Acute Ischemic Stroke in Man Is Penumbral Tissue Present?
Although addressing this question may seem straightforward, in fact it is not so. This is because the only validated method to identify the penumbra in man so far is quantitative 15 O-PET, a technique not widely available and rather complex to implement. Furthermore, only patients eligible for PET, i.e. who can tolerate the procedure and do not have contraindications to arterial puncture, such as thrombolysis or anticoagulation, have been studied so far. As a result, quantitative studies have not appeared since the mid-90s, i.e. they all date back to the prethrombolytic era. Only 6 studies have been published and only some of them provide complete data, with most providing limited clinical information. One advantage is the populations studied are probably close to generic anterior circulation stroke (ACS), as compared to recent studies using MRI, for example, which are biased towards candidates for reperfusion therapy. Summing across the 78 patients studied within 48 h of onset in the 5 studies that focused on the presence of high oxygen extraction fraction (OEF) as a marker of penumbra [1] [2] [3] [4] [5] , the incidence of high OEF was nearly 100% within 6 h, ∼ 80% within 12 h, and between 25 and 100% >12 h, although the latter figure was probably an overestimate due to the specific methodology used for image analysis [4] .
In the Caen
15
O-PET study of 30 ACS patients studied 5-18 h after stroke onset [6, 7] , for two reasons the pattern of cerebral blood flow versus oxygen consumption changes was considered rather than the mere presence of high OEF. Firstly, although high OEF is a necessary criterion for the penumbra, it is not a specific one as it can also be present in a severely hypometabolic core -doomed to infarction -as well as in benign oligemia -i.e. the mildly hypoperfused not-at-risk tissue, which likely resulted in an overestimated incidence of the penumbra in early studies. Second, it was considered that regardless of the presence of the penumbra, patients with a large core would be unlikely to have a good clinical outcome irrespective of the treatment, so that assessment of the potential response to reperfusion therapy rather than the mere presence or absence of penumbra was felt to be the key point. Accordingly, three PET profiles were defined, namely large core (large area of profound hypometabolism regardless of perfusion though usually associated with markedly reduced cerebral blood flow); penumbra-no large core ; and no penumbra-no large core , which consistently corresponded to spontaneous recanalization with tissue hyperperfusion and preserved oxygen consumption. The validity of this classification was supported by the strong correlation with spontaneous outcome, namely all large core patients died within a few days from malignant edema or survivors had a poor outcome; all no penumbra-no large core patients had excellent or full recovery within a few days; whereas penumbra-no large core patients had highly variable outcomes, consistent with the notion that the fate of the penumbra depends on whether reperfusion subsequently occurs. Accordingly, only the latter profile would be amenable to reperfusion therapy. Although based on small numbers and hence of uncertain significance, the distribution of these three profiles across time was surprisingly even, i.e. roughly one third of patients belonged to each profile across the 5-to 18-hour time window [7] , with the latest penumbra-no large core profile seen 16 h after onset [8] . It was assumed that although initially all patients would belong to this profile, already within the first few hours some had progressed to the large core profile while others enjoyed early reperfusion. Interestingly, in the latter scenario, the neurological deficit outlasted tissue reperfusion, suggesting 'stunning' of the reperfused penumbra or extensive selective neuronal loss beyond the actual infarct [9] . The persistence of substantial areas of penumbra as late as 12-16 h after onset in some patients probably results from their perfusion being just below the penumbra threshold, allowing therefore a potential for prolonged survival [10] . Alternatively, perfusion might be unstable and oscillate across the penumbra threshold, so that tissue is not permanently penumbral. Conversely, patients who quickly evolve into the large core profile probably have very low cerebral blood flow throughout their affected tissue right from the onset, so that progression to irreversible damage is much faster. This in turn could be due to poor collateral circulation through the circle of Willis and leptomeningeal anastomoses, either constitutionally and/or due to aging and longstanding vascular risk factors such as hypertension. Subsequent to the above PET studies, reports on the incidence of penumbra according to time since onset in unselected patients have been scarce. The Melbourne diffusion/perfusion MR study of 34 patients investigated 2.5-24 h after stroke onset reported an incidence close to 100% at 3 h, ∼ 75% at 6 h and ∼ 45% at 24 h [11] . The latter values appeared overestimated compared to the PET literature, which in retrospect probably reflects the lack of thresholding of the MR perfusion maps in this early study. Also, patients able to undergo MR likely represent a more selected population than patients receiving PET.
Studies reporting the incidence of penumbra over time in selected populations are also few. In EPITHET (Echoplanar Imaging Thrombolytic Evaluation Trial) which studied potential candidates for intravenous tissue plasminogen activator (t-PA) 3-6 h after onset, the incidence of penumbra using validated perfusion thresholds was 85% [12] . In the DEFUSE (Diffusion and Perfusion Imaging Evaluation for Understanding Stroke Evolution) sample with similar characteristics, mismatch was differentiated into two subprofiles, namely the 'malignant' profile, defined by a large lesion on diffusion-weighted imaging with or without additional mismatch (corresponding to the large core PET profile above), and the 'target mismatch' profile, corresponding to the penumbra-no large core profile [13] . Using a strict definition for target mismatch, this profile was present in 51% of the DEFUSE patients and 53% of the EPITHET sample when applied to this dataset in retrospect [14] . In the DEFUSE 2 study, 138 patients were screened for potential endovascular treatment within 12 h of onset, including nonresponders to intravenous t-PA [15] . Target mismatch was present in 63%. Given the open nature of this study, 34 patients did not go to the catheterization laboratory following MRI. In the remaining 104 patients judged clinically to be candidates for a late endovascular treatment, target mismatch was present in 78%. Interestingly, in the latter subgroup, 68% of the patients had target mismatch within 6 h and 85% within 7-12 h. Thus, the incidence of target mismatch over time depends heavily on the selection bias of the sample, which remains very high even at late time points in candidates for endovascular therapy compared to candidates for intravenous therapy, and even more to unselected patients. However, in absolute terms, the number of patients eligible for endovascular therapy is very small. Figure 1 , which was constructed based on the above data, idealizes the incidence of target mismatch during the first 24 h after ACS onset, both for unselected and selected (intravenous and endovascular treatment) patient populations. These estimates will obviously need to be confirmed and refined. The close to 90% incidence of target mismatch within 1-2 h from ACS onset is consistent with the reported rate of spontaneous recanalization on conventional angiography reported by Fieschi in the 80s [16] .
What Is the Time Window for Reperfusion Therapy?
As already discussed, the presence of penumbra does not necessarily predict a good response to reperfusion therapy if the core is already large. Furthermore, even target mismatch does not equate with good treatment response: first because treatments do not always result in effective and permanent recanalization, particularly with intravenous t-PA and old endovascular devices; second because recanalization inconsistently results in effective tissue reperfusion due to distal fragmented emboli or the no-reflow phenomenon; and third because the timing of effective reperfusion is critical, i.e. if it occurs after the penumbra has turned into core it is useless and may even be harmful. Finally, the presence of a core of low cerebral blood volume increases the risk of symptomatic intracerebral hemorrhage, which can negate the benefit from reperfusion. Thus, the time window for reperfusion therapy may differ from that of target mismatch.
Although trials have shown intravenous t-PA to be beneficial up to 4.5 h after onset, this may not just reflect reperfusion, and, given the wide confidence intervals, the benefit from true reperfusion may extend much longer. Unpublished data from the ClotBust-Pro study of transcranial Doppler-enhanced recanalization following intravenous t-PA [17] show significant benefits from recanalization still present at 5 h [Alexandrov et al., unpubl. data]. The PROACT II trial of intra-arterial urokinase in patients with angiographically proven middle cerebral artery stem occlusion up to 6 h from onset showed a significant clinical effect [18] . The recently published negative thrombectomy trials beyond 4.5 h go strongly against the above evidence but have been criticized on methodological grounds [19] . Meta-analyses of open studies of endovascular therapy have suggested a benefit from reperfusion up to 6 h [20] , again with a wide confidence interval suggesting some patients benefit well beyond this limit. In another study, endovascular recanalization resulted in significantly increased good outcomes in patients with target mismatch and proximal occlusion with [21] . In DEFUSE 2, tissue reperfusion resulted in a significant benefit in the target mismatch versus no-target mismatch profile, with no influence of time of therapy on this response up to 12 h [15] . Altogether, therefore, the available data strongly suggest benefits from reperfusion therapy in target mismatch extend up to 6 h with intravenous t-PA and at least up to 12 h with appropriate endovascular therapy. These data are consistent with the PET findings reporting the presence of penumbra-no large core (i.e. target mismatch) up to 16 h in a proportion of unselected patients (see above). Several randomized controlled trials using perfusion imaging selection beyond 4.5 h are currently ongoing to confirm or refute these data. Of note, the clinical benefit from, and potentially the time window of, delayed reperfusion therapy will be enlarged if the risk of symptomatic intracerebral hemorrhage is reduced, which may be achieved with novel thrombolytics, improved endovascular devices and perhaps addition of vascular protective therapy.
What Do We Know about the Time Window for Neuroprotection in Man?
Although a number of preclinical studies have suggested that neuroprotection applied following reperfusion may reduce final infarct size (see companion article by Macrae, pp. 308), there is no evidence towards this in man. Regarding neuroprotection applied during occlusion, the available evidence suggests that unless reperfusion takes place, neuroprotectants can only delay, but not prevent, neuronal death in the penumbra [22] . In other words, neuroprotection might extend the time window for reperfusion (i.e. 'buy time') but cannot replace reperfusion. This is supported by the failure of all trials of neuroprotectants that did not associate the agent with recanalization therapy [23] . Unfortunately, only three trials so far have used this dual design. One of them (CLASS-T) was a pilot study, another (lubeluzole) was stopped prematurely, and the zonampanel trial was never published. A trial of hypothermia associated with intravenous t-PA is in progress (ICTuS 2/3 ). This design, however, has problems, since the neuroprotectant used might reduce the rate of recanalization by interfering with intravenous t-PA, or be detrimental when early reperfusion does not occur ( ∼ 60% of patients treated with intravenous t-PA).
In conclusion, the available data suggest that although intravenous t-PA is not beneficial beyond 4.5 h if patient selection is based on plain CT only, it might be beneficial up to 6 h in the target mismatch profile. Endovascular treatment, either as a bridging therapy or in isolation, may prove beneficial up to and perhaps even beyond 12 h in highly selected patients, who are probably not so uncommon. This will need to be documented using stateof-the-art trials. Finally, future trials of neuroprotection should combine the agent with reperfusion therapy. Although agents targeting nonneuronal targets such as the neurovascular unit and inflammation could be started in the acute stage, admittedly even before reperfusion therapy, clinical evidence supporting their usefulness is still lacking.
At present, the only pharmacological treatment of acute ischemic stroke with proven efficacy is thrombolysis with recombinant tissue plasminogen activator. Worldwide stroke researchers strive to develop neuroprotective and neuroregenerative treatments to alleviate the tremendous burden of this disease on patients, relatives and societies. Effectiveness of a treatment is measured as an improvement of outcome. Clinical stroke trials use endpoints such as improvement in function in daily living, reduction in mortality, or recurrence of stroke or other cardiovascular events [see companion article by Adams Jr., pp. 318]. Surrogate endpoints, such as infarct volume, or biomarkers are used for hypothesis generation and to obtain proof of concept for a biological effect of a treatment, but they are not relevant for approval of a drug by the Food and Drug Administration or European Medical Agencies. In preclinical stroke research, however, reductions in infarct volume have been the gold standard to determine efficacy of an experimental treatment for decades. Functional outcome, on the other hand, has played a minor role and only entered the field with the need to evaluate putative neurorestorative treatments. In the following, I will briefly discuss how stroke is modeled in rodents [for more details on treatment, see companion article by Macrae, pp. 308], and consequently how outcome is evaluated based on infarct volume measurements or assessment of function. Particular attention will be placed on the pitfalls of such measurements and on other relevant limitations of results of preclinical stroke research based on assessing outcome in experimental models of stroke.
Modeling of Stroke in Rodents
Preclinical stroke research is dominated by modeling of middle cerebral artery (MCA) occlusion (MCAO) in rodents, in particular in the mouse and rat. MCAO can be achieved without craniotomy by intravascular advancement of an occluding plastic filament via the common carotid artery ('proximal' MCAO, i.e. affecting the vascular supply of the striatum and neocortex) or by cauterization or ligature of the MCA via a surgical transtemporal approach ('distal' MCAO, i.e. not affecting the lenticulostriate arteries and hence purely neocortical ischemia).
Thrombotic MCAO can be achieved by placing preformed thrombi in the cerebral circulation via a catheter, intracranial intra-arterial thrombin injection or in situ thrombus formation via a photoactivator (such as rose bengal) and laser illumination of the vessel. Some of these approaches allow transient MCAO (e.g. by retraction of the occluding filament), and in some occlusion must remain permanent. The common characteristic of all these models, but also its limitation, is the fact that they require anesthesia of variable duration (from 5 to 45 min) and that they attempt to mimic large strokes within the MCA territory.
Infarct Volume Determination
The most widely used outcome measure of experimental stroke studies in rodents is the measurement of infarct size (usually as a volume). Infarct size is determined either histologically via serial sectioning and staining after brain extraction, histochemically by incubating fresh unprocessed brain slices with chemicals that produce dyes from colorless substrates when exposed to mitochondrial enzymes, e.g. 2,3,5-triphenyltetrazolium chloride (TTC), or MRI [for extensive reviews, see ref. 1 , 2 ] . Pitfalls of these techniques include the need for edema correction, the fact that, depending on the model, damage may evolve over many hours and even days, while 'infarct volumes' start to apparently decrease after several days again due to extensive remodeling of the tissue and absorption of dead tissue. Invasion of inflammatory cells after a few days may mask the lesion by converting indicators for viable tissue in histochemical infarct determination, such as the one using TTC. Many experimental stroke studies measure infarct volume at 24 h, when infarcts have may not have fully matured and edema is still prominent. A 'neuroprotectant' found effective in such studies may have only delayed damage or decreased brain edema. Studies measuring outcome via infarct volumes beyond 3 days may be confounded by effects of the putative 'neuroprotectant' on tissue remodeling or invasion of inflammatory cells. Hence, results of outcome studies in the rodent are highly dependent on the time interval between MCAO and infarct volume determination, and may be confounded by numerous factors.
Assessment of Functional Outcome in Rodents
Rodents cannot communicate the level of their impairment after MCAO. Functional outcome measurements therefore depend on a plethora of tests, many of which require training before MCAO and highly skilled personnel, and are very time consuming. Consequently, many investigators prefer simple but rather insensitive tests (such as the Bederson score: 0 = normal; 1 = forelimb flexion; 2 = decreased resistance to lateral push, and 3 = circling), rota-rod or sticky tape removal, all of which are highly based on sensorimotor function. MCAO may affect somatosensory or motor function, memory or executive function, or cause depression. For each affected function, specific tests exist [for an extensive treatment of functional testing after stroke see ref.
3 (in the mouse) and 4 (in the rat)]. A major problem of functional testing in rodents is their exquisite capacity to compensate the deficit, either by using alternative strategies while performing the test (often hard to detect by the investigator) or by brain plasticity. In any case, many of the functional deficits which clearly demonstrate pathology a few days after MCAO return to normal and are not distinguishable from sham controls within a few days. In combination with a rather high variance in test results, it is exceedingly difficult to demonstrate a deficit in many MCAO models after more than 1 week, let alone the protective effect of a compound when compared to untreated controls. Because of the low sensitivity of the tests, many investigators use batteries of tests, some of which produce a multitude of quantitative scores and variables. For example, a popular semiautomated system to score motor function (cat walk) includes >50 variables per test run. As a result, many studies compare a multitude of variables between experimental groups, often without correcting for multiple testing and sometimes possibly post hoc 'cherry picking' of statistically significant variables.
Internal Validity
To interpret outcome measures reported by experimental stroke studies it is important to be aware of the fact that stroke research as well as preclinical modeling in biomedicine in general may be confounded by issues of internal validity. In particular, many preclinical stroke studies do not randomize, group allocation is transparent throughout the experiment, and outcome is not assessed in a blinded fashion. In other words, methods to prevent bias, which are standard practice in clinical medicine, are not yet widely implemented in preclinical medicine. This may lead to an overestimation of effect size and false-positive results. In addition, most preclinical stroke studies use group sizes of 5-10, which often results in a statistical power of around 0.5 and very low positive predictive values [5, 6] . Figure 1 demonstrates how sensitive such experimental designs are to the alteration of just one value.
External Validity
When interpreting promising results (decrease in infarct volume or improvement in function) of putative neuroprotectants in experimental stroke studies, and in particular if such results suggest their possible validation in a clinical trial, external validity of the experiment becomes highly relevant. Most preclinical stroke studies use healthy, male, inbred, adolescent rodents raised under specific pathogen-free conditions. This is equivalent to clinical testing in healthy, briefly anesthetized pubertal male twins raised in 6-m 2 isolator tents on an enriched granola diet. Needless to say that stroke patients are of both sexes, usually elderly and comorbid, receive multiple medications, and have been exposed to multiple pathogens and antigens throughout life. Fortunately, many of these factors can be modeled in the rodent as well, but due to the extra costs and complexities of such experiments, this is rarely done. In most instances where it has been done, relevant differences with respect to the efficacy of putative neuroprotectants between the young healthy and the aged comorbid animals became apparent. 
Conclusions
Outcome in preclinical stroke studies is often measured in the short term (1-3 days), with a strong focus on reductions in infarct volume. Numerous tests exist to assess functional outcome after stroke in rodents, but they are labor intensive and often quite insensitive, in particular due to the very high capacity of rodents for spontaneous recovery. A number of pitfalls exist which may affect the interpretation of these outcome measurements. Taken together, assessment of outcome in preclinical and clinical stroke trials is quite different, hampering the translation of results between both realms. In addition, deficiencies in internal and external validity, as well as the reporting of preclinical stroke studies, may affect their robustness and relevance for bench-to-bedside translation. However, a concerted effort of preclinical and clinical stroke researchers may overcome these shortcomings. The following recommendations reflect the current discussion in the field:
Preclinical stroke studies should conform to the AR-RIVE (Animal Research: Reporting in vivo Experiments) guidelines when reporting animal experiments [7] .
• Preclinical stroke studies should prespecify and report inclusion and exclusion criteria [5, 8] .
• Bias should be minimized by randomization, allocation concealment and blinding [5, 8] .
• External validity should be improved by modeling of confounders such as age, gender and comorbidities, in particular when approaching clinical trials.
• Significance of results in preclinical trials should be increased by increasing group size [9] . • Critical findings need to be replicated [9] .
The ultimate goal of experimental and clinical research in stroke is to prevent or lessen the consequences of the brain injury in humans. Preventing, treating or augmenting recovery in patients is the real measure of success in stroke research. Unfortunately, the translation of scientific success in the laboratory to patient care has been difficult. At present, the primary success in treatment of acute stroke has been intravenous thrombolysis. Other promising therapies have not been successful when tested in a patient care setting. Interventions that are effective in animal models often have not worked in humans. The lack of success is a source of considerable frustration among both experimental and clinical re-ticenter or multinational collaborative studies that involve a large number of local investigators and supporting personnel.
The primary measure of success of an intervention in stroke is the patient's overall (favorable) outcome with the goal of determining if the tested therapy reduces the likelihood of severe neurological impairments, disability or handicap. Generally, mortality is not used as a primary outcome because severely incapacitated survivorship may be worse than death, and a trial does not want to demonstrate that a therapy reduces mortality at the cost of more severely disabled survivors. There is considerable research in the utility of changes in brain and vascular imaging findings as measures of success using smaller volumes of infarction or early recanalization. Some correlation with clinical outcomes is present but these ancillary studies have not supplanted clinical outcomes. In addition, biomarkers are being assessed for the selection of patients to treat or for determining outcome after stroke.
As of yet, the results of these tests are not a substitute for clinical outcomes.
Stroke Scales
Stroke scales provide important information and ease communication; they are a critical component of clinical research. Scales may be used to rate the severity and type of neurological impairments, to determine eligibility for enrollment, to forecast outcomes, to monitor changes in the neurological status, to examine responses to treatment and to determine outcome after stroke. A useful clinical stroke scale must have inherent credibility and face validity. It should be easy to administer and to score. The scale should be tested for reliability, interrater agreement and intrarater reproducibility. Researchers have an extra burden to assure that the scale is administered correctly and that the scoring is accurate and consistent. Modern trials include educational and certification programs to assure that the raters are using the scale in a correct manner. In addition, central adjudication of outcome can also be performed. In summary, the results of the scale should be believable and make sense for both health care providers and the public. A knowledgeable person should have a mental image of the patient's condition when the score on a stroke scale is assigned.
A combination of rating instruments may be used for different components of a clinical trial. In general, scales of neurological impairment are used to establish eligibility for enrollment and monitor responses to treatment including safety and to determine outcome at the end of the trial. The score on a scale of neurological impairment often affects the selection of subjects in the trial by excluding those with very mild or severe deficits. The score can also be used as a stratification factor to assure similarities in the treatment arms. The NIH Stroke Scale is the most commonly used scale of neurological impairment [8] . It contains 15 items assessed by neurological examination and it can be performed rapidly by a wide range of professionals. It is a well-validated quantitative measure of neurological impairments that is highly predictive of outcome. It has high interrater agreement and reproducibility. It is adapted to multiple languages and cultures. Educational and certification programs are available. It has also been employed in general patient care.
Global scales of recovery after stroke are widely accepted by the medical community, funding agencies and government regulators. These scales broadly differentiate outcomes that reflect the impact of multiple neurological impairments and they are used in both acute treatment and recovery trials. The global scales may miss some important improvements such as discrete areas of neurological disability because they overemphasize some components of recovery. They may also have ceiling and floor effects. The modified Rankin scale is an internationally accepted global outcome scale that has scores ranging from 0 (normal) to 6 (dead) [9] . Each score has its own definition, and an emphasis of the scale involves motor limitations and walking. The results of the scores in the subject populations are analyzed into favorable or unfavorable outcomes using a variety of statistical methods (dichotomous, adjusted dichotomous based on initial impairments, trichotomous or distributional).
Modality-specific scales examine responses to an intervention aimed at a specific impairment or disability. As such, these scales are often used in rehabilitation or recovery research. An example is the Fugl-Meyer scale for assessing motor recovery after stroke [10] . An advantage of these instruments is that different impairments may resolve at differing rates. In general, these scales do not provide data on overall outcome. The scores of the scales are not understood by clinicians or the public, and the data from these scales may not be easy to compare with data recorded in other clinical trials.
Increasingly, quality-of-life scales are being included in stroke research trials. These rating instruments cover a broad range of functioning, including physical, psychological and general health. They are also affected by the subject's social situation and influenced by the person's experiences, beliefs, expectations and perceptions. The most commonly used scales are the EuroQoL and the Stroke Impact Scale. In general, the quality of life measures have not been the primary way to measure success of treatment of an acute stroke.
Conclusions
Experimental research remains crucial for advancing our understanding about stroke and the brain's ability to recover. Derived information is fundamental for testing promising therapies and the results of laboratory studies greatly influence clinical research. However, the issues addressed in clinical research differ greatly from experimental science. It is difficult or impossible for the clinical researcher to replicate laboratory experiments. Basic science researchers in stroke should consider the difficulties inherent in the clinical setting. These insights are needed to ease the translation of knowledge from the laboratory to the patient.
